The article deals with the simplification of the heat transfer model for food sterilisation in cans and jars. The one-parameter model was derived and identification procedures of its parameters were examined. It is shown that the concept of the first order dynamics satisfies the technological purposes but the common method of the least squares is not suitable for the calculation of model constants. A new computing method is presented and compared with statistically evaluated experiments with wide range of stuffs and packages.
Technological requirements for heat treatment of foods need generaly the fulfillment of two conditions: first -it is necessary to reach a given temperature in a given geometric point; second -this temperature has to be maintained during a given time period. The temperature regime is determined by the regular value of F-effect defined by the formula (1) The fulfillment of analogical conditions is also required when other thermal operations are performed -cooking, roasting, smoking and even freezing, when solid or packed foods are processed.
Works concerning this engineering problem (Stumbo 1973; Leninger & Beverloo 1975; Loučka & Klein 1985) use the simplified classical Fourier-Kirchhoff equations for long duration processes and they derive from the linear part of the logarithmic transformed temperature curve the empirical f and j factors, with the help of which the temperature curve can be predicted in similar cases. Many works in this field are based on this concept (Hayakawa 1977) and give satisfactory results in comparison with the numerical solution of the Fourier-Kirchhoff equations. Particularly the simplicity of the idea of f and j factors is the reason, why this method may be a starting point of more sofisticated considerations on the dynamics of sterilisation heat transfer processes. Analogical characteristic was introduced (Videv & Tančev 1986 ) that a priori considers the heat transfer to a sterilized can to be a lumped parameter system with the dynamics of the first order. Unlike the above mentioned method, the Videv's time constant does not depend on the course of the time temperature curve in the sterilisation medium.
On the base of Stumbo and Ball-Ohlson theory there were designed computer programs for computing the sterilisation process parameters (Hayakawa 1977) . On the other hand, in some papers (Pečová et al. 1984) , the nonparametric methods are used for the same purpose.
MATERIAL AND METHODS

Theory
In some works (Loučka & Kutal 1983; McKenna & Holdsworth 1991) the mass transfer equation for a cylindrical body supposing the thermal diffussivity being constant with the boundary conditions of the first or third kind is solved by the application of the Duhamell theorem. With the help of it there was derived a relation between the time-temperature course on the surface or in the neighbourhood of a body and in its geometric midpoint. By the way of generalization a lumped parameters model was costructed in which there 0 ( ) 10 appear no physical properties of the body except quantities that are possible to be determined by methods of experimental identification. The model is described by the following equations (Himmelblau & Bischoff 1968):
The function H (τ, → P) is an impulse characteristic. Its explicite form can be found by the method of model transfer function known in the theory of regulation. The system is then described by an ordinary differential equation the order of which equals to the dimension of the vector of parameters:
(3)
The above explained procedure is not new and many former works follow this concept (Skinner 1984; Loučka & Klein 1985) . Nevertheless, they differ in the recommended order of the system. In some papers (Loučka & Klein 1985; Videv & Tančev 1986 ) there is recommended the system of the first order, where H(τ, → P) is a solution of the equation
with the condition
while Skinner found the best agreement with the reality for the system of the fifth order.
Experimental
Identification of a dynamic system is a task that includes the measuring and monitoring of the time course input and output quantities and consequent evaluation of parameters and order of the system (see equation (3)). The output calculated from this equation ought to agree closely with the experimental data in accordance with the criterion set in advance.
The experiments were characterized by the simplicity of its technical arrangement. From two as minimum to sixteen as maximum temperature courses were measured and monitored. The input signals were chosen initially as a temperatue step change, later as a general pulse.
The step signal was realized by the laboratory equipment, which was composed from two vessels of different temperature and thermal capacity which were many times higher than those of the examined can. The cans were brought from one vessel over to the other. At first the step signal was supposed to be ideal and only the response -the temperature in each can was measured. In the case of the general input both the impulse and the response were measured and evaluated. The temperatures were measured by thermocouples and monitored in the time interval of 30 s by a data acquisition computer. The accuracy of measurement was guaranteed in the range of 20-120°C ± 0.1°C. The data were filtered with regard to any systematic errors as well as to the higher frequency noise. All realized experiments along with their results are presented in (8).
Evaluation of parameters
The obtained data were used for the following purposes:
(1) the confirmation of the hypothesis about validity of the first order dynamics; (2) the verification of the fact that the parameters used for modelling the heating as well as the cooling period coincide; (3) choice of a method of the identification of the parameters suitable for practical use. In order to solve the problems (1) and (2) the sets of data represented by the records of responses to the step temperature change were used. On the basis of these results the data corresponding to the real courses of the bath and can temperature during the sterilisation were treated as responses to a general signal for the solution of the problem (3).
Mathematical formulation of the first problem is based on the fact that when the model of the first and second order dynamics is used, the hypothesis of the statistical equality of residual sum of squares can be accepted. The criterion used Φ = S 1 (r -2) (6) S 2 (r -1) has the Snedecore distribution with the critical value F (r -2), (r -1), β . The critical domain of the test (at the 1 -β level of significance with r -1 and r -2 degree of freedom) is given by:
S 1 and S 2 are residual sums of squares of deviations from the theoretical curve given by the solution of
the equation (3) for n = 1 and n = 2 respectively. In both cases there is X = 1 and m = 0. There are obtained the known formulas for dynamic response of a system of the first and second order on the step input (see (14)). The parameters of the models are consequently calculated by the method of the least squares principle. For the system of the first order there holds the equation (8) while for the system of the second order there holds the following one:
In case it is statistically proved e.g. on the basis of the criterion (6) that the consent of the model and the experiment does not improve when the model order increases, it would make no sense to consider a model with a higher number of parameters.
However, if the one-parameter model is considered, there appears a new question about whether the values of the constants α H and α C for heating and cooling period are the same, because there may occur irreversible changes of a can content during the thermal treatment. Both constants α H and α C depend above all on the thermodynamical and rheological properties of the content of a can. In addition to it, they could change depending on the packing and on the conditions of the convection concerning the heating media. They have different values both in the stationary and the rotation retort, the difference being greater the more the convection participates in the inner heat transfer.
While the statistical distribution of estimated values α is not generally normal, the non-parametric signum test (Freund & Walpole 1980) was used that compares two random choices from the same population of a not necessarily known distibution. There were calculated differences between the coupled values from a sample of the size r:
The null hypothesis supposes medians of both the samples being equal. Let us denote R + and Rthe numbers of the positive or the negative differences respectively and R 0 the number of differences equal to zero. Let us put
For a reliability level β chosen in advance the critical values q 1 (r 1 ) and q 2 (r 1 ) for r < 20 are tabulated. The critical domain is given by the inequalities r 0 < q 1 (r 1 ) and r 0 > q 2 (r 1 )
When these conditions are fulfilled, the null hypothesis is rejected and the alternative one is accepted.
Identification of parameters in the general input
From the point of view of mathematics the problem means to minimize the function (13) on the conditions the validity of the model of the first order according to equations (7), (8) and (9) is guaranteed. Numerical solution of one non-linear equation (14) gives reliable results. However, this conception of the criterion does not give satisfying results for the calculation of the F-value. The reason is, as it was already mentioned, that the most significant influence on the value of the integral (1) has that part of the temperature curve, where the temperature of the contents of the can is very close to the reference temperature T r .
This fact was taken into account when the values of the parameter α from responses to the step change were calculated. The method of weighted regression was used, the criterion having the form (15) In order the condition to be fulfilled that the weight functions have the highest values for the highest temperatures T k they were chosen as increasing functions of the temperature with a constant s set in a suitable way:
If F mod are the values of the integral (1), calculated from the equation (2) with the corresponding parameter and F exp the value of sterilisation effect for an experimental course T exp (t), then the function
reaches its minimal value at the point α F , which is consistent with the requirement of agreement of the sterilisation effect. From the point of view of the microbiological quality the temperature profiles measured experimentally and calculated from the model have minimal differences.
RESULTS
The wide range of cans with different kinds of filling and package were subject of the experimental observation.
The description of all experimental circumstances is presented in detail in the Table 5 along with the results of the evaluation of experiments. That means the determination of dynamics system order both for the heating and for the cooling period and the evaluation of the signum tests for the decision concerning differences between dynamic constant α for heating and cooling periods.
The Tables 1 and 2 describe the behaviour of a can (filled with Luncheon meat) which underwent step temperature change from 25-85°C. There was observed the dynamics of the first order as well as the agreement of constants α H and α C . The evalu-ation was performed by the non-linear regression method and the criterions given by equations (8) and (9) were used. The results of another experiment having the same behaviour are in the Tables 3-4, when filling of the 500 g can was pea. The can was treated by the step temperature change and there was also confirmed the dynamics of the first order by the Snedecore test.
The results of the weighted regression using the criterion (17) are presented in the Table 4 . Three different weight functions given by equations (18) were used consecutively. It can be seen in the second, fourth and sixth column of this table that the constants α i calculated by this method differ very little and that they are in agreement with the constant α obtained by the use of the criterion (8) (to compare with the second column of the Table 3 .). The similar agreement of results of the ordinary and weighted regression was observed in all cases. The Table 5 . demonstrates that in most experiments just like those described in the Tables 1-4 the heating or cooling of a can have the first order dynamics. The results of the signum test that should evaluate the consent of the constants α for heating and cooling periods of sterilisation show another behaviour: the values of these constants are significantly different in several cases (see Table 5 ). The most important criterion of sterilisation process control remains to be the F-value. Each procedure for the determination of any constants is justified only when it leads to the knowledge of this quantity with satisfactory precision. The F-values were calculated with the use of the constant α obtained by the evaluation of experimental data. They were substituted to the equation (2) and compared with those which were calculated from the real experimental courses. The results obtained by both methods differ significantly (see Figure 1) . That confirms the fact that there does not exist a simple way how to use the model constants determined by the standard regression method for description and prediction of a real process. The agreement of the sterilisation trajectories calculated in various ways is presented in the Figure 2 . It is clear that there are no great differences between these curves from the point of view of a qualitative similarity.
However, because the sterilisation effect (F-value) is most sensible with regard to that part of temperature trajectory where the maximum is achieved, the standard regression methods fall down. That is why an algorithm for the determination of the constant α was developed that uses the criterion given by equation (17). In the Figure 3 there are shown the courses of the identification problem solution for two different cans made both by the standard regression method (continuous line) and developed algorithm procedure (dashed line). In both cases, the final results differ and the course describing the dependence between the value of the criterion and the constant α has always a distinguishable minimum value. From Figure 2 there can be seen that the agreement between the experimental curve and the curve calculated with the help of the criterion (17) Dynamics of the first order, P < 0.05 Table 4 . Results of the weighted regression Using the weighted regression with the weight functions w 1 , w 2 , w 3 respectively for counting the constants α 1 , α 2 , α 3 .
Number of measurement
Step of the temperature 25°C-75°C When the values of the constants α 1 , α 2 , α 3 counted using the weighted regression with the weight functions w 1 , w 2 , w 3 respectively are compared it is evident that all the three ways give appreximately the same results CV = coefficient of variation P-value of the sign test and the Snedecore-Fisher test: P < 0.05 column "package": S -jar, P -can, for example P-500 means a can with the filling of 500 gramm of stuff column "sign test": S -significant result of the sign test, zero hypothesis is rejected; N -nonsignificant results of the sign test, zero hypothesis can not be rejected may not always be optimal in the sense of the least squares principle.
DISCUSSION
The experimental study of the thermal dynamic behaviour of one individual can or jar was completed after experiments with five kinds of jars and two kinds of cans which were filled with fifteen kinds of real foodstuffs were performed and observed. A special attention was concentrated on the question of agreement of the F-value predicted from the model with its value determined from experimental data. For a wide range of the examined fillings there was confirmed that the process can be described by the first order dynamics model and that in many cases the same value of the constant α can be used both for the increasing and the decreasing part of the sterilisation curve. However, the results of the calculated sterilisation effect differ when the real measured trajectory or the calculated trajectory of temperature is used. The practical use of the constants, calculated by the procedure, is therefore problematic. The reason of that is the fact that the F-value depends mainly on the course of the sterilisation curve near its maximum. In the prediction step the consent of heating and cooling parts of the curve is not so important, but it is significant during the temperature holding-up.
On the basis of this knowledge the criterion of data agreement was modified and the sterilisation curve was substituted by the time-temperature course, which is not optimal in the common sense of the least squares of deviations but which is, with regard to the calculated F-value, in the best consent with the experimental curve. Then the method of weighted regression for the data obtained as a temperature step signal response was used with three different weight functions having their maximum value in the same range of the temperature as the experimental curve. The method modified by this way turned out not to be satisfying and the treatment of the results by the step-response analysis despite of it significance for the understanding of the real process is not suitable for practical (e.g.industrial) implementation.
Despite the fact that for the dynamic constant α there holds the following expression it is not possible to calculate its value from this formula. On the other side, this formula enables to consider the relations between this parameter and the quantities involved in the process. In addition to the rheological and thermophysical properties of the filling of a can the value of the constant α can be influenced by hydrodynamic relations, geometry of a can or a jar, the specific heat, weight and kind of the package. From this point of view the identification experiment using a general input signal on an actual equipment seems to be the most suitable because it is in the best accordance with the real circumstances. The algorithm developed and tested in this paper may be used for such a purpose. It is based on the minimization criterion in the equation (17) and when used a very satisfactory agreement of F-values is reached.
If the parameters alpha identified for the whole range of production were known, two important problems could be solved. The first of them is the simple determination of the sterilisation effect Fvalue during the process on the basis of the bath temperature measuring. It is usually performed by the placement of the temperature sensor into the middle of the can, which may be in many cases difficult to realize not to mention the fact that it is always uncomfortable.
The second problem is more complicated and its technological significance is greater. The course of the temperature trajectory in the bath of the sterilisation unit is to be determined, especially the duration of the temperature holding-up and the residence time of cans in the cooling bath, when the constant α and the F-value are known. An example of the solution of this problem was given in our previous paper (Loučka et al. 1987) with the experimental confirmation of the proces prediction.
The values of constants for different products treated in preservation industry in Czech Republic are summarized in our rewiev (Loučka et al. 1991) .
Notation
A
-area (m 2 ) a i , b i -coefficients in the equation (3) 
